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ABSTRACT 
Human observers can track up to five moving targets in a display with ten identical 
elements (Pylyshyn and Storm, 1988; Yantis, 1992). Previous experiments manipulated 
element trajectories to prevent intersections of element boundaries, evidently in the belief 
that transient overlaps among homogeneous elements make the task too hard. We examine 
whether depth cues such as occlusion (T-junctions) and disparity affect performance in a 
tracking task when element boundaries, as projected onto the two-dimensional plane of 
the monitor screen, are allowed to intersect. Elements move smoothly in depth, as well as 
in horizontal and vertical position, throughout a 7-second tracking period. A probe is then 
flashed, and subjects report whether the flash occurred on a target or on a non-target. Over-
lapping circular objects form T-junctions when shaded to appear like spheres or figure-
eight regions when rendered as disks. Two factors, disparity and T-junctions, are consid-
ered. Results from eight naive observers show that performance improves for displays 
with depth information (T-junctions or disparity), suggesting that depth cues are useful for 
multi-element tracking. 
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1 Introduction 
Two types of theories of attention have been proposed to explain the allocation of attention 
to objects in a scene: space-based and object-based theories. Space-based approaches 
include the spotlight (Posner, 1980) and zoom lens (Eriksen and St. James, 1986) models. 
In the strong form of these theories, everything inside the locus of attention must be 
attended to, while everything outside is disregarded. However, substantial evidence sug-
gests that selective attention operates on perceptual objects and need not select on the 
basis of spatial location alone. Studies show that, in scenes with superimposed event 
sequences or overlapping shapes, human observers can selectively attend to one of the 
sequences or shapes and ignore the other, despite the physical overlap of spatial locations 
(Neisser and Becklen, 1975; Rock and Gutman, 1981 ). Other studies found that the extent 
to which a flanking form interfered with responses to a target form depended on whether 
or not the flanking form was perceived to be part of the same perceptual object as the tar-
get form, even when the physical positions of the two forms were the same in each case 
(Kramer and Jacobson, 1991). 
Pylyshyn and Storm (1988) first demonstrated that human observers are capable of track-
ing multiple randomly moving visual elements under a variety of conditions in a study of 
how attention is allocated in visual space. In a display consisting of ten identical clements, 
observers could track a predefined subset of up to five elements with good accuracy. Like 
the majority of published work on visual attention, this tracking task required observers to 
deploy attention within a 2D scene; that is, where objects moved only in an up-and-down 
or left-and-right fashion in a fronto-parallel plane. Yantis (1992) extended Pylyshyn and 
Storm's multi-element tracking paradigm to consider factors that influenced the formation 
and maintenance of a perceptual group created by designated target items (i.e., the items to 
be tracked). Yantis ( 1992) noted that factors that influenced the formation of a perceptual 
group, such as the initial configuration of the target elements, the presentation mode of the 
target elements, and the instructions given to subjects, affected performance only early in 
practice, whereas those that influenced the maintenance of a perceptual group during 
motion, such as dynamic constraints on the configuration of target clements during move-
ment and the degree to which the velocities of the target and nontarget clements were cor-
related within and between groups, affected performance throughout practice. Evidently, 
the perceptual grouping of items at disparate spatial locations into a virtual object can be 
governed by top-down processes. Further, the attentional scanning mechanism that is used 
for simultaneously tracking multiple visual clements appears to be a parallel one that pro-
cesses information in different parts of the scene simultaneously (Pylyshyn, Burkell, 
Fisher, Scars, Schmidt, and Trick, 1994). 
Two important questions to consider, when studying the performance of human observers 
in a tracking task involving depth information, are whether the human visual system can 
deploy attention across different depths and whether such a deployment of attention would 
make performance less accurate than it would otherwise be. In other words, can the visual 
system attend to a virtual object whose vertices span different depth planes? The human 
visual system can focus attention to a particular depth defined by binocular disparity 
(Andersen, 1990; Downing and Pinker, 1985; Nakayama and Silverman, 1986). Other 
studies suggest that the deployment of attention across iso-disparity loci is possible when 
the elements being attended to are part of a well-formed surface with locally coplanar ele-
ments (He and Nakayama, 1995; Tyler and Kontsevich, 1995). These studies show that it 
is difficult to attend to locations that span different surfaces. Attention may, therefore, be 
considered to be involuntarily "bound" to a surface like "a shroud that acts like a soap film 
in minimizing the curvature of the perceived depth surface consistent with the available 
disparity information" (Tyler and Kontsevich, 1995, pl43). Further, Honda and Findlay 
(1992) found that saccades to targets in different depth planes had longer saccadic laten-
cies than saccades to targets in the same depth plane. 
In the experiments of Pylyshyn and Storm (1988) and Yantis (1992), the elements were 
surrounded by invisible "cushions" that were not allowed to intersect throughout motion 
trajectories. This experimental construction was motivated by the supposition that, were 
the cushions around objects allowed to intersect, the objects, being identical, would easily 
be confounded and the target being tracked would be lost. The authors explicitly stated 
this assumption: 
The random motion of the objects was sul~ject to the restriction that no two 
objects could be closer than 0. 75 deg apart, so that the continuity of'their 
identity was never ambiguous (as it would be if they were to collide) (Pyly-
shyn and Storm, 1988, p/82). 
Note that the minimum distance between any two objects in the scene (0.75 deg) in this 
study was more than one and a half times the size of any one object. 
We have found, however, that although the tracking task does become more difficult when 
element boundaries, as projected onto the two-dimensional plane of the monitor screen, 
are allowed to intersect, it does not become impossible, even when the elements in the 
scene have no depth. More important, however, is the finding that when occlusion cues 
(disparity or T-junctions) are added to the display, human performance improves apprecia-
bly and, in fact, returns to the baseline performance levels found by Pylyshyn and Storm 
( 1988) and Yantis (1992). 
2 Methods 
2.1 Observers 
Eight naive observers participated in two sessions of 45 minutes and were compensated at 
a rate of $8 an hour. All subjects had normal or corrected-to-normal vision and had no pre-
vious experience in visual tracking experiments, though some of them had participated in 
psychophysical experiments before. All observers could see depth in displays containing 
disparity information. 
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2.2 Materials 
Simulations were performed on a Silicon Graphics RE2 machine running an Irix 6.2 oper-
ating system. The displays were viewed through Crystal Eyes Stereographics liquid crys-
tal stereo glasses. The program displayed alternate images on the screen corresponding to 
the left and right eye images. This ensured that displays containing differing disparity 
information could be presented to each eye separately. The screen resolution was 
1025x768 and the frame rate was 60Hz for both eyes (i.e., 30Hz per eye). 
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Figure 1. Schematic diagram of the types of displays used by Yantis2 and Pylyshyn and 
Storm1. These displays contain ten identical plus signs that move randomly: (a) target 
designation phase, i.e., the targets are flashed on and off; this is diagrammed by lines 
radiating from the targets; (b) movement phase, i.e., all the elements move in randomly 
selected directions; (c) probe phase, i.e., one element is randomly chosen as the probe for the 
given trial and this element is replaced by a concentric set of squares at the end of the 
movement phase. Observers must specify whether the squares appear on a target element 
(i.e., one that they have been tracking) or on a non-target clement; (d) the same task but lor 
the kinds of elements used in this experiment. 
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Our displays were based on those of Pylyshyn and Storm ( 1988) and Yantis ( 1992) (Figure 
1 ). The display contained 10 identical elements (disks or spheres). Four experimental con-
ditions were considered, based on the presence or absence of each of the two factors (dis-
parity and T-junctions): (a) neither disparity nor shading is present; (b) shading is absent 
and only disparity is present; (c) only shading is present and disparity is absent; (d) both 
disparity and shading are present. Shading the white disks used for the tracking task makes 
them look more spherical and gives the impression of three-dimensional structure (Figure 
2). All the elements are shaded identically, with a uniform gradation between white at the 
center and black at the boundary. The important result of shading for our purposes, how-
ever, is that when two shaded spherical objects overlap, one sees a T junction. This is a 
strong depth cue that tells us which object is in front of the other. Non-shaded white disks 
do not form T-junctions when they overlap; instead, they form figure-eight regions, with 
no depth ordering. 
Figure 2. Formation of T~junctions during element intersections: (a) the elements are not 
shaded, so no T~junctions are formed and the display does not appear to be in depth; (b) 
shading of the elements creates strong contours that lead to T~junctions when the elements 
intersect, giving a percept of depth due to occlusion. 
Each trial consisted of four phases (Figure 3): 
• Target designation phase: Before the onset of movement, a randomly selected subset of 
five out of ten elements was flashed, i.e., replaced by a white square of similar dimen-
sions, five times. This defined the target set for that trial. The initial positioning of ele-
ments on the screen was done in such a way that clements did not come too close to one 
another, so that their identities were clearly defined at the onset of the trial. The mini-
mum separation between the boundaries of any two elements in this frame was 0.8°, 
i.e., equal to the width of one element. 
• Movement phase: After the flashing, all the elements started moving in different ran-
domly chosen directions. There were 16 possible directions of movement. The angular 
separation between any two adjacent directions was 22.5 degrees. Element boundaries 
in the plane of the monitor screen were allowed to intersect. In displays without depth, 
this meant that two disks could intersect to form a filled figure-eight. Trajectories were 
precomputed and chosen so that not more than three disks overlapped significantly at a 
single spatial location. In displays with either disparity or shading or both, elements 
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appeared to move in front of or behind one another. In these displays, though the two-
dimensional projections of the elements overlapped, their three-dimensional spaces did 
not overlap. Elements bounced off the edges of the display window, i.e., their trajecto-
ries were reflected off these edges. An invisible square cushion was placed around the 
fixation square and elements were not allowed to intersect this cushion. If they touched 
the edges of this cushion, they were bounced off it. Otherwise, elements maintained 
their trajectories and always moved in a straight line. In displays with disparity, ele-
ments changed their disparities throughout the trial in a smooth fashion, so that they 
appeared to be moving away from or toward the observer, while simultaneously mov-
ing vertically and horizontally on the screen. The direction of change of disparity was 
randomly computed and elements were constrained to lie in a fronto-parallel volume at 
all times, i.e., when they reached the edges of this volume in depth (either too close to 
the observer or too far from the observer), the direction of change of disparity was 
reversed. The movement phase comprised 200 static frames displayed at a display rate 
of 60Hz for two stereoscopic buffers, i.e., 30 Hz per eye. The movement phase lasted 
approximately 7.5 seconds. 
(a) (b) 
Figure 3. Two frames of the display: (a) the target designation phase, with the target set being 
"flashed"; (b) one frame of the movement phase in which two overlaps may be seen. 
• Probe phase: At the end of the movement phase, motion was stopped and the probe for 
the current trial (which was a target for 50 percent of the trials of a given experimental 
condition and a non-target for the remaining trials of that condition) was flashed three 
times, again by replacing it by a white square. No overlaps were allowed in this phase 
so that there was no doubt about the identity of the element being flashed or any of the 
other elements in the display. 
• Query phase: After the probe was flashed, a screen containing a query message was 
shown and observers were asked to press the LEFT arrow button on the keyboard if 
they thought the probe flash had occurred on a target element and the RIGHT arrow 
button if they felt that it was on a non-target element. Since the emphasis of this exper-
iment was accuracy of tracking and not response latencies, the query screen was dis-
played for as long as the observer needed to make a judgement. 
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The display subtended visual angles of 11.4° in width and 8.2° in height. Each element 
(disk or sphere) subtended a visual angle of 0.8° vertically and horizontally. The white 
flashing square that replaced an element during flashes was 0.8° wide. The fixation square 
subtended a visual angle of 0.4°. The speed of movement of each element was 2.0°/sec. 
The background was colored cyan. The spheres, the flash squares and the fixation square 
were white. The experiment was conducted under free-viewing conditions, so all reported 
dimensions in this paragraph are approximate. Though observers were instructed to fixate 
on the central square in the displays, eye movements were not monitored. 
2.3 Procedure 
The experiment consisted of five blocks: one practice block and four experimental blocks. 
The practice block lasted around 6 minutes and each experimental block lasted around 15 
minutes. The practice block contained 16 trials and each experimental block contained 40 
trials (10 for each experimental condition), a total of 160 trials (40 per condition). The 
starting parameters (element positions, directions of movement, target set) for 44 trials ( 4 
practice trials and I 0 trials for each experimental block) were precomputed. Each one of 
the trajectories was then presented in every one of the experimental conditions. To mini-
mize the possibility of subjects memorizing initial target configurations and element tra-
jectories, each precomputed trial was flipped either left to right (the new X position of 
each element at each frame was set equal to the display width minus the old X position of 
the element at that frame) or top to bottom (the new Y position of each element at each 
frame was set equal to the screen height minus the old Y position of the element at that 
frame) or both. These controls had the effect of ensuring that no two trials that the 
observer saw were exactly the same, while also ensuring that the same trajectories were 
presented for each experimental condition. Thus, no experimental condition was given the 
unfair advantage of fewer collisions or other distinguishing factors that would make the 
tracking task much easier or much more difficult. The order of presentation of the trials 
was randomized within a block. 
The probes for the trials were randomized and the only condition imposed on their choice 
was that 50 percent of the probed elements for a given experimental condition and within a 
block be targets and the remaining be non-targets. 
2.4 Instructions to observers 
The task was explained to the observers. They were told to fixate on the central square in 
the display and to track the target elements mentally rather than with their eyes. They were 
instructed to press the LEFT arrow button on the keyboard if they felt that the probe was 
on a target and the RIGHT arrow button if they thought it was on a non-target. 
Observers received feedback during the practice block. If their answer was correct, a 
screen showing the message "CORRECT'" was displayed, otherwise a screen with the 
message "WRONG'" was shown. No feedback was given during the experimental blocks. 
Observers were encouraged, through an on-screen display, to rest their eyes and take 
breaks between blocks, as it was essential for the experiment that they concentrate com-
pletely on the tracking task. 
2.5 Results 
The performance levels of observers are given in Table I and summarized in Figure 4. The 
main result to be noted from these data is that for each observer, performance was worst 
under experimental condition I, i.e., when the displays contained neither disparity nor 
occlusion cues for depth. The addition of depth cues bettered performance for all observ-
ers. For some, T-junctions proved to be a stronger cue, while for others disparity worked 
better. In all cases, the improved performance levels were comparable to those found by 
Pylyshyn and Storm (1988). Moreover, all performance levels were above chance, sug-
gesting that the task of accurately tracking identical objects when clement boundaries are 
allowed to intersect is possible under certain conditions, contrary to the assumptions of 
Pylyshyn and Storm (1988) and Yantis (1992). 
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Figure 4. Experimental results: (a) results iOr individual subjects: each bar represents the 
performance level of a subject for a given experimental condition; (b) mean results across 
subjects for each experimental condition; bars represent standard errors. 
A two-way repeated-measures AN OVA, with shading and disparity as the two factors, was 
performed on the data. This analysis reveals that the effect of the presence of either factor 
on performance levels is significant (disparity: F( I ,7) = 32.09, P < 0.0008; shading: F( I ,7) 
= 21, P < 0.0025). But the effect of the interaction of both cues was not significant (F( I ,7) 
= 4.57, p < 0.0698). 
3 Discussion 
He and Nakayama (1995) and Tyler and Kontscvich (1995), who reported that attention 
seems to attach itself involuntarily to surfaces and cannot span different surfaces, concen-
trated on attentional mechanisms that were completely stimulus-driven, as opposed to 
goal-driven, i.e., top-down, mechanisms. It would be interesting to study whether their 
results extend to the goal-driven attentional task of visual tracking that was performed in 
our experiment. If they do, then the prediction implied by their studies is that the deploy-
ment of attention to a virtual object whose vertices lie in different depth planes (by dispar-
ity) and that does not naturally form a virtual planar surface would be more difficult than 
when the object is part of such a surface. In the current experiments, no restrictions were 
imposed on what depth planes the elements belonged to at any instant of time. It would 
therefore be possible for a target to lie on the same depth plane as a non-target, thus form-
ing a virtual fronto-parallel surface. The involuntary attentional mechanism that would be 
triggered by the formation of such a surface would then interfere with the goal-driven 
attentional task of tracking targets and ignoring distractors, thus increasing the probability 
of losing one or more targets and making the task much harder. 
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Several studies show that observers can successfully predict the future position of a target 
that moves behind an occluder based purely on motion cues obtained when the target was 
visible (Peterken, Brown and Bowman, 1991; Rosenbaum, 1975; Slater-Hammel, 1955). 
These studies also show that the accuracy of predictions drops with a decrease in the 
velocity of the target and with an increase in the occluded distance. Such studies arc of 
special relevance for the current experiment because the projected boundaries of the ele-
ments in our displays were allowed to intersect. Thus, there were brief durations when an 
object could be partially occluded by another object. These occlusions made the tracking 
task harder, as the probability of losing targets increases with greater numbers of occlu-
sions. At such moments, the only clues to the object's identity were the continuity of the 
object's trajectory direction and occlusion cues (either disparity or T-junctions or both) 
that specified which object was in front of, and which behind, the other. 
Our results corroborate earlier results that human observers can successfully track up to 5 
targets in a display consisting of 10 identical elements moving randomly (Pylyshyn and 
Storm, 1988; Yantis, 1992). Our findings arc also in accordance with data suggesting that 
human observers can predict the motion of an element even when it is occluded by another 
clement for brief durations (Peterken, Brown and Bowman, 1991; Rosenbaum, 1975; 
Slater-Hammel, 1955). But the most important conclusion that can be drawn from our 
study is that the addition of depth cues, or, more specifically, disparity cues or T-junctions, 
to a multi-element tracking paradigm makes the tracking task much easier than otherwise 
when projected object boundaries intersect. In fact, not only does the addition of depth 
cues make the tracking task easier, but performance levels improve to match the baseline 
performance levels found by Pylyshyn and Storm (1988) and Yantis (1992) for displays 
with no depth information. 
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